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SLJhfMARY  & CONC1 ,llSIC)NS

]n 1991, tlIc [%ssini l’jojcc.[, NASA’s planetary ]Ilojcc[ to
~dacc. a sl~acc.clafl ill orbit ahou( Saturn, fun(icd a sludy al the.
.ic1 I’I opulsioft 1 dxm[ory (J1’I,) kr idcnti fy rules for design
and lcsl c)f hardware mquircd to fulldi(m reliably in slmc.c for
vcl y lolIg lifclinm. ‘1 ‘Wxlly-nine Suljccls were considcmd
colll~misin~ 130 sjmifrc  rulm rcla[c.ci 10 long-life issues sad
as ac.cclc.1alc4i  life. tcsling, cycling of ]]lcchallic.al  dc.vims,
sdcclioll aIId application of ]ml 1s, Scnlimducm  ju[]clion
Kmlpcraluics$  ald woisl-case analysis for long life. ‘J’hc study
wa~ sulvmlucIItly  ]wldishcd as a J}’], docuIIIcm. OIIc. Ilmjor
conclusion of the. workstmj) wa$ lhat unallmdd space
IIlissiolls c.x.lcxdinfl oul to 25 years or I[mrc arc fc.asibk.

1. lNIXODIJCH[)N

III 1991, k Cassilli IDlojct[, NASA’s ltlanc[ary ]mjcd to
lktcc. a sjmccxxafl iii mbil aboul  Salul[l, frrllcid a slu(iy al iiw
Jc.{ l’lo]mlsion 1 ,&Oralmy (J}’],) to iticmtify rnim for dcsiga
alI[i ksl  of hardware lc.quirc4i to funclioll rc,iirrhly ill s}mc fol
very kMIp, Ii fclilncs. “1’hc, team fm Incd for li~is study was
composc(i o f  J1’1 / cn~irlc.crs and cmsuiKrIIls  who were
fallliiia[ witil tim Voyager  (Ju\)i(cl, Satul II,  Uranus, al~(i
Ncl~tuIIc) sl)acc.cltifl dc.sigtl a[lci tcsl phikmo]dly, a s  well as
olim  sjmc  hardwatc which C.nydoyc.d  high rel iabil i ty
]mrcticcs  lilal lc41 [0 cx[cndcd life,

‘1 ‘lm Voyaccr spaccmfl  wa~ rk4mc4t aII a])~m]}r ihlc.
hawdilm for liIc sludy tcam from which to slrrrl, bccausc (1) il
rclmscmts a J}’], I)togralil which addrcssd long life in the.
[icsiga awl test approach, (’2) it was JIOt (Jvcr-cc)tls(rai[lc41 in
rcsourcc linlitatimls ill tmm]i]l~ a  long- l i f e .  Witil higil-
rdiahilily  missio]l, (3) it is a higidy mmplcx sl}acc.cfaf( lilat
has futlclionc4i  rcmalkrtdy wcil, all(i (4) il has dc[lmnslralc.d
k)l]g-life pcrfot Inalm fc)l over 15 ycats, wilii both sl)accmrfl
olw.ratillg C(mli[luous]y.

‘1’IIc k-am mc[ ovc.r an c.ighl-nm]ittl ]rcrirrci, cuilnil]aling in a
mm-day woIkshop.  ‘J”hc, study was subscl]ucmliy putdisid as a
J1’1, (iocutimllt (Ref. 1). ‘l’his ]]a]rcl rc.]rm[s  011 [iIc s[udy all(i
[iIc olm-(ifiy workshop.

11, STUDY P(JA!M)SL  AN1) ,VCOI’11:

‘1’hc ]mrlrosc of lIIC study was 10 dcvckqI  ruics for kmg-life.
witii high-rciiabiiity  s}w.c ]Ilissimm. ‘1’hc Cri[cria f o r  t h e
considc.la[ion  of a haldwarc issue as a “lmlg-life with high-
Icliability” rule. wc.Ic.: (1) Rules 1 0  n)itigalc cimngcs ill
]hysical propcr(ics (iuc 10 ]~assa~c of Iillic, usc arid olJcralio]l,
and cnviro[ltllc.ntal c.xpmurc; (2) dc.sig.11 stmkgics ii~at rcduc.c
or C.lilllillatc susccjltitlility of syslcni fullc(ioll to changes in
]hysical ~q)cr[ics  (iuc 10 o~)c.raliolls or C.rlvirc)ll[llclltal
c.xposufc; (3) analysis slratc.gics that assure llIc. idcnlificalion
of possitdc cllangcs  in physicxrl ]mqrcrlics OI suscc.ptibilily  of
systcl]l fulwlio]ls 10 chan~cx in  ]Jlysical propcrlics; o r  (4)
]Moccsscs w h i c h  ]]rovidc ail cs[itnalc of tlm IIlagnitudc ol
likclilmod of lk cx~rcclcxi chan~c ill ~dlysical propcxiicfs.

‘J’k wide.sl  Irossiblc rallgc. of hard wa rc. rule.s were
cmlsi(icrcd cmsislcnl wilil Iimcc conslrainls: (1) Sof[warc an(i
nlissicrn rule.s wclc ad(itcsscd otIly 10 ttlc cxtcnlt tlwy aft’ccbxi
hardware Pc.rfol Illancc; (?) t iIc rules dcvclolrcxi were alJJdic.a-
bk W a sillglc. spat.c.claf[, aIId mulli]]lc slmcccxaf( (o achicvc
Illission sumcss were nol cons idcrc{i; aid  (3) high rcl iahilily
nllcs wcxc. collsi(ic.icxi oIIiy in Ihcir rclalioilsi]il) to lolI~ life.

‘1’wc.l}t y-nim  s u b j e c t s  wm consi(icrc4i coln]]risillf: 130
slwciik  rule.s rcialc(i 10 lollg-li fc issues such as acdcralcd
l i fe  lcrs[ing, c.yc.ling of ]]~cchanicat rkvicc.s,  scic.ction a n d
application of ])ar[s, sc.lllicoll(il]clor” jul]clion Wllpcraiurcx,
an(t wors!-c.asc. mdysis  for km~ life. ‘1’hc sul]jcc[s wm:

Anal ysis l~urll-irl
Cat)lcs Coll]poncllls
I kgrtictfit io]l lksigli vcliflcatioll
1 ilccl( icai li,nvironlllcnl
}iablicalioll Faults
IIandling lrlhclital)c.c
h4atc.riais Mc.chanical
Mission NCW technology
ol~taliom l’dckrigin[:
}’aris }’owcr
I’IO(IIIC( assulallc.c Plqmlsiol]
Rc{iull(iarlcy Slil) rings
Sofl}’arc. Struclurat
“1’csling ‘1 ‘csl facilities
“I”hcmlldl
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in subsc4uc11t sc.climls of this paper, sonic, of Lhc 130 dcsifyl
ruks ale. ]Mcscwlcd, along with ltw ralicmak for each of the
design rules.

IV. 1;(11  <L’: (;I<A C1{II’UI, I)IK;I;A[)A  710N

“1’hc dcsigi] ruk is that t h e  slmccmrli syslcm stmulrt bc
dcsigmt sud that ftiilurm duc 10 exposure bcymd cxpccld
l i f e  Cxtrmlms (e.g., cxmssivc lcrtlpcralurc c.xcursio]l.s,
crmssivc tadiation,  clc,) will lcd LO gradual dc~l adatiou of
fu[]clion raihcr Ihan ca[aslmphic  failure.

‘1’hc ralio]lalc is that (Iuc to unarrlicipalcd operat ional
]m~blcltls the III ission J)aranlclct-s  of tctllpcrtrturc ad li fc(imc
]Imy cxccd  lhc. cxpcclcLl  limils. {Jl]l-of-slwciflcatioll c ircuit
olwralioli can s(ill yidd useful infmnalion  of only rtcgfdd
accuracy as oppmcd 10 slop c.hangcs which yield very lilllc
illfol Illtition. If llm degradation is ]mxlictalk.,  data can bc
cot Jcclcd (0 nlinirnizc cmrrs.

‘1’hc dc.sigll rule is 10 Jmrform Cllvirotlll]c.rl( :tl-ql]aliflc:lli oll
tests on dcdicatc41 qualification hardwtirc  al lc.vcls and
duratiolis well bcywd Inaxinlunl a l lowable.  flight ]iniils.
]’ctfor  III flight-accc.plancc Icsts on all flighl hardware.  at
kvcls cxcc~(iiilg LtIc alknvab]c  fligtll cnvctopcs.

‘1’hc raliolla]c i s  [hat ill olrh to Valirtalc cffczLs froll] a]]
Irossildc c.oilditiolis of flighl-har(iwarc  cxlmsurc it] a lilldy
nmrwr, it is ncccssary 10 have an cmly scl of Icsls which
adcqualcly c.xkrusl quc.slirrtis d rnargi]la]ily and wllic. h alc
lml c.onqmmiscct by lhc tcsl arliclc’s pmsibk  flight status.

VI. I;ill.l;:  ,TI(MICIONI)[J(:I”  OI; JIJNCIION
7 IMII’IIX’A 7 ‘( J1:I<

‘l’tic dc.sigll r u l e  i s  10 mainlain scnliccmrtuclor jullc.lion
tc.aqrcrtituics to l e s s  than (@Y! during lmlg-duraliml flighl
o]rcralim]s. (Shorl-tmn  inflight cxcursiolls associalc4t w i t h
transicnl c.vcIIts arc. c.xc.cplions.)

“1’hc. Ia[ioilalc is [hat this proved to bc fcasihlc, on J1’1,
]danc(ary nlissions  by cs[ab]ishi[lg qualiflca[ion-tcs[
lcn~pcratu[cs  of less IIlaa or c.qual 10 750(2 wllilc linlilil[g
]mrl-jullclion Kv[l]rcra[urcs  1 0  11 ()()~. ‘1’hc lmvcr jullclioll
Kmpcralurc.s rcsull in exponentially lowc.r failulc ralc.s, e.g.,
llm incrcasc  in life by rcxtucing flight-junclion tcnlpc.ralurcs
fmn 85(]C (0 600(1 is as much as olw. order of raagnilude..

‘1’1]0 dc.sig[] rule is 10 dcsigu assemblies 10 baseplate
K.xlllwalurc, linlils of -WW 10 + 85°~.  If lhc thcrlnal conlrol
allmvablc.  flight rmgc  cxc.c.eels the rmgc. of + S“~. to + SO%:,
Ihcm dcsigil fot allowahlc flight Icln]mah]rc lilnits +/-3 S()(:.

lior awctllblics with iillcrllal h e a l  g e n e . r a l i o n  (such as
dcdronics),  pcrfonn  a thrmnal analysis ill sufflcicnl (tclail 10
(icfinc design tcn]]rcralurcs for all mrrnporrcmls based on lhc
above boundary conditions. l’crform tlm Illal Cllvirorilllc.rlial
qualificalio[) lcsting in vacuuul from -200(:”  10 + 750(!, ad
acccplancc  Icsliilf, in vacuunl fronl 00(’  10 + 550(:. II_ t h e
allowab]c  flight rmlgc cxccds + S()~ 10 + SO()~, thcil qualify
[O allowab]c  flight tcnl]rcratum + /-25(’~1, and acceptance
tcsling 10 alkrwablc fii~ht tcmpcralurcs + /-5{)~.

‘1’hc rdlionalc is [ha[ the allmvab]c fligll[ Ic.rn]matuie, ra]lgc
o f  + S{T 10 + 500~.” providcjs a broxt ran~c 10 rcducc t h e
o v e r a l l  colll]dcxity of Ihc syslcm Ihcrlllal-colltrol  dcsig[l
]mccss ald  10 cover wors[-case awullil)liotls and prcd ic[ion
uilccrlainty. llydtti~.inc frcw.cs jusl below -1 5(W, and a Iyl)ical
clcclmnic tmy rcac.hcs + S()()(; aflcr dirccl exposure to Ihc sun
aflcx orm h o u r  al ll]c I;arlh-sun rlislalm.  Whcm ccrnhincd
with (11c r u l e  o f  t h e  prcccding scdion (Scrniconducmr
Jurlctioll ‘1’cill]wraturc), lhis a s s u r e s  Salisfaclory  flight
pcrformaam al low sc.miconduclor  junction k.nqmraturcs, and
dcllmlslralcs colll]diarm  w i t h  corlsmrill[s orl t h e  flighl
hardware cxlrosurc r.iulillg lcsl.

‘1’hc dcsifyl rule is 10 pcrfonll worsl-case almlyscs on all
c.tc.clro!]ic awclllblics at 1 (F)C! beyond qualification mq~cra  -
Iu(cs 10 assure ]Ic.rforalanc.c rnargim will) rcspccl to possible.
mission rmlli[lgcncics,

I’IIc. rtr[io]lalc is thal flighi cx]wricrm  (c..g,, Magdlan  and
Voyager) have rcvcrrlcd (I]C ncxxl for fkxibilily  and lradcs ill
[ct[lIrcrdlutc. ard o]w. talirig  rimlcs as ]mtls dc.gr:idc. and f:iil.

‘1’hc dcsigll rule is 10 usc only (:lass S or Oaw S c41uivalc.]1(
clcdronic  parls.

‘l’he raticrnalc is thal low failure rates arc guaralm.cd by
virluc of required vcidor lest Cxpcricnw. on ])arls fabricated
on production 1 irlcs wilh cm lifie41 colllrollc41 puccsscs.  1 Iigh
reliability is cmswcd by rc,quitc(t wafc,r lot acccptaucc,  kmgcr
bunl-in I’lN1)  [csting, X-Ray irlslm.tion, 100%” INIII tcsls and
lk rc4mdirlg of parameter bum-irl drifls.

X. I:lJI<Ic: PARIS B(JRN-IN

‘1’hc dcsigli rule is tllal all fliglli  parts s}iould bc subjeclcd
10 burn-in. IIurrl-ins arc rml 10 bc Pctforlrlcd at slfcss kwcls
which Polcillially inhoducc  IICW failure nlrxharlistlls or for
duridimls which woul(i dcglartc. cxlrcclcd life.

‘1’hc. ralionalc is thal burlt-ills slmuld bc o]~liil]imi  fot lhc
rcl]ioval of latchl dc.feels iiTd early frrilurcs. ‘1’hc cffcdivcmw
of burn-in al rc.llmvirl~ early failures call bc dckmind frol[l
IIIC. manufachmr’s historical data Colll])aring failures rturil]g
Iuill-in  and Pdiluic.s durirlg life. lcsl frol[l dclfiilcd Iilnc-tofidil
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daIa udmn during burn-in. Additional bum-in is tmdicifil so “l$hc ratimlalc is that kmg-life. cnvironllmIs  of ultraviolet
cxlrosurc, or Ihcrlnal cyclinp, can cause. faiiutc of adhesive
joints. ‘J’hc.scjoinis  should bc dcsigm41 [o irccontnmda(c either
r ivcls or thrmimi fa skv ms.

Xl, R[ll,l<: IiIJKII<ONIC  IIARIJWAA’1:.’ CIZANIN[;

‘I’llc(lcsigtl ruic. isltlal clc.ar]lincsss llollid bcslmiflcd  an(i
lllailllailmi  ac.c.ordil}g toa c.(~lllal]]illaiic~l~ control plan (iuring
all asscmlbly  phases of hardwatc. Ckaning should bc
accmplishd wilh qualificxl ptoccdums m(i apjmvc(i
solvctlls.  {Wxullinc.ss  of hi{icicn areas lllus( bc itlsjrcdcd prior
to co[l[il~ai[ig wilh the next asscrab]y Idmsc.

‘1’hc mlionalc is thal a conlnmn source of problems ill
clc41ronic  cquipmwlt is Colltalliillalion such as flux rc,si(iuc..
Rc.ilwvi!lg C.on(anlinaiion flom  c.olnponci~ts i s  c.omnm] iu
clcchonics,  b u t  can k polcmlially dangcmus 10 cquipnmt
w h e n  all il]col!czl solvcnl or procc~iurc is usc.{i. lnarfc{luatc
])toccdurcs  can c.ausc such life-related nlaifurrc.tions as
Cl(xlfi(’al lc:ik:t~c alld[liclcctric tlrcak(i(}Rlll( illc.l()t )ri(igil]gtly
Co]l(iuctivc  ])ai[iclcrs an(i bon{ilii]c failuic of joints mused by
pow wilmio]i  (0a  cmlamii]a[cd  SUI face,

‘J’hc. dcsigll rule is that life kwls shoui(i bc ]Wlfotlllc{i on
units cxilibiling l i fe - l i l ] l i t ing  chatacicrislics  as  pm of
qualiflca[ion tcs[irlg torcvc,al ]mssil)lc syslci~]atic dcfccls. ‘I”hc
clll}i])lllclll-lcsl dulatiml shouid bc sized to include both
grou[l(i lCSI all(i Inission rcquircmcuts  with margin. “1’hc tcsl
])lan sllouki inclu(ic so]nc lc.sl lilnc al cxI)c41cd fligill
Cx(rcnms.

‘I’hc. rationale fot the life-test rule is in par( dcrivcll frol]l
Ihc Voyager ? s~)ac.cmafl Cxpcjricllc.c. ‘1’hc Voyag.ct 2 a~inlulh
(irivc. scan aclua[ot  sc.imi al 358 revolutions al Salura
clmml[c.r. Subscqucnl  lc.sling o f  llm lmloly[rc  Ic.sultcd i n
fai lure un[icr  Sitliilar  condit ions al 3S0 rcwo]ulions,  ‘J’hc
]nissio]l rcquimllcilt  was for  zI,MK) rcvolutimls.  No life
vc.t iflcalion lcsling was (tom..

‘1’hc design ruk is lhal flight ckclrollics  shoui(i bc dcsiglkxi
s u c h  that the (ic.sig]l (tom not ])rccludc powm-on  opcralioll
(iuting vii~lation ail(i shock lcsling.

‘1’hc ralionalc is that lhc. mulual cxclusicrll of powcx-crn  an(i
vihralion or siwck le.sling  C.fimiliatc.s crnc of (k. lImsL C.f[cc.live
iiwc.sligalivc procc,sscs for cic,uxling inlcrlnillcnl  failure lha[
arc likc,ly (0 reoccur (iuring a lot]g mission.

XIV. R[lf)li:  AINIfI;Sl\~l;  J[)lN1;S

‘1’hc. design rule, is that rksign of nlissiml-cri(ical acihcsivc
joinls should ulili~,c, a mc.cha[]ical faslclm as a hackaj).

‘f’hc ricsign rule is 10 dc.sifyl and buihi the spacecraft as a
liaraday cage 10 isolalc. all spaccctafl c.tcclronics from the
cxlcraai clc.clr(~nlagll ctic cm ironmcm.

‘1’hc ralionalc is 10 piovi(ic a basic Clcc[rostitlically -st]ic.l(lcd
b o x  cmlaining all ckwlronics,  a n d  h a v e  a l l  cxlcricrr
electronics ad wire conlainccl in the.ir own l;ara(iay-cage
boxc.s and cabk shickling. I’rc.at scicmw inskun~cn[s,  which
niust have Vic.willg a]rcrlurc.s, as cxccj~lio]ls 10 lhis rule., bul
casurc  that they arc inlmum  10 clc.clmniagaclic  fmkis from
lhc cxlc.rior, ami [hat they (io not contribute cxccssivc.ly 10 lhc
cxtmai clcclromagnc(ic  cnvironmcnl.

XVI. I:[J1)II:: CYCIJN(;  01’ Ml:CIIANICAli lI1(:VIC[:LV

‘1’hc. (icsigll rule is that nlccha]iicai (icviCC.s [hat fulwtion in
a cyclic nlannct (iuring Ihc mission should (icllmslratc. a life
calmbilily with glc.alcr Ilian J [)()% margiti,

“1’hc ralirmlalc. is tl]at wcaroul is a fuldion of lubrication,
cocff’lcicnls of fric.lioa, unit frrcssurcs, and olhcr facmrs. A
IO@% ]Ilargin should I)ot sig[lificantly incrcwsc wc.ip.ht.

“1’hc design ruk is to design and dcnmnstralc  a posi(ivc
mar~in for Iim full rirngc of dc.vice motions at end-of-life
cxmiilicms, inclu(iiiig rcslarl from any position in the full
rallp,c. o f  Ilmlion. I )0 Imt rdy  ol[ lnonlclllum @ ovcmr[lw
fl icliohal forces. USC the largcsl Imssibk margins of opcralion
ill all (icviccs consislcm[ wilt) olhc.r constraillls.

‘f’hc ralionalc is lhat fbrccs a n d  lorqucs nlml ovcrcom
ol)jrosing folccs, torques, an(i friction. “1 ‘twsc oj)jrming form,
torques, alj(i flicliolt  n~ay cha]lgc, with tilllc, lc[[l]wralurc, an(i
various cnvirontnc[lls lllal arc nol always Imciiclaide..

XVIII. RU1.11::  1711N-A!II:A{l{l{A  NII: Coi<I{OSION

“1’hc (ic.sifyl rule is 10 dcsigil nlcmbrmcs (Lg.,  burst-rfisks)
10 accm{lnmcialc. ioI~g-icIrIn c.x]murc to li)c. con osivc. cffcfc.ts of
oxi(iizing propellants.

‘i’hc. ra[io]laic, is lhal the thin Ilicnlbrmlcs of iwts(-disks arc
ksigac~i 10
Incnlbrallc.
mc,n]branc.s
n[issions.

rul~luic al a sd diffcmnlial l][cssutc across Ihc
“1’hc lhicklicss and slrcss-ca])ili)  ili[y o f  s u c h
arc af(cclcd by corrosion on long-cl ural ion
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XIX, A!(JIJI;: AIM f’HVII; MISSION SIRATIIX;lII:S’

‘1’k dcsigll ruk is 10 rxtrrblish  arf:iptivc.  nlission slratc.gics
that cm) acconmmdalc  failurcrs a s  w e l l  a s  trnanlicil}alcxt
op~rorttrllitics.

‘1’tm ralicnlalc is that trdaplivc mission strategies itlcrcasc
the prohabili(y of mission suczc.ss as wc.11 as provirfin~ fbr
r]lissior) clihanccmmL For example, an Cl]courllcr with ‘1’itan,
lhc major sakllilc. of Salurll, was a significal)t objczlivc, of lhc.
Voyag& 1 spaccmfl.  ‘1’tm Voyager-2
rclargc.lcxt for a’I’i(an flyl~yif  Voyager 1

xx. WORKSIIOI’

spat.cadl could k
failed.

‘1’hcworksllo])  waskkt a{ JI’J, oI} March 5, 1992. I\lc.vcn
rm-J1’1, rc.prc.sc.nlativcs gave. their critique of lhc, study
rc]rorl. ‘J’tic wolkshop was dividclt into flvc subgroul~s for
idcalifwalion and charactcri?,alioll of Slrccific rule.s and
projroscxt ac.lions. ‘1’}m sut)gmu]m wc. rc,: parls, r e l i a b i l i t y
nmdclitl~,  nc.w tcclmo]ogy, risk mallagclmlt  concrqm, and
nlc.chanical ~~rmmscs.  Rules discussed includccl the usc of
failure.Ihysicsin ltlc. w.lc.cli(Jn cJfl>arls;  thcusc.o ffunctional
rcdund:iacy; rules for lhc al}plication of nc.w tcchno]ogy; the
il[)I}lclllc.rl(ali(~rl of design ruks and Ihc. incorporation c)f
“lcssom lcfaracd”; lhc proper inkrprdrrlion  and dcsip,n for
“randolll  failures”; and the ncccssily  to Ics[ syslcms the way
lhcyarc lotrcfknvn, anct  ttm to ffy thcm lhc way they were
tcslcd. (hw  nlajor c o n c l u s i o n  o f  lhc. workslml} was lhal
unallmtc.d sl)acclllissiol] scxlct]dir]g  oul to ?.5 yrxrrs or nmrc
wci c fcasitic.

‘1 ‘ho authors wish to acknowledge the supporl of lhc ~assiiii
l’j~)jcclf(}rctlartcrir]g  and funding the shdy,and  thccffcrrls
c) fttlc()lllcr  JI'l,  c,llgirlccrs (Gcnji Arakaki, SaTrl L]cl Brunslcin,
Sarat) {iavil,  ~)rll~c  ]]ancock, lhIg }]CSS, ~harks  Jc.nnings,
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